ABSTRACT It is an important means for knowing something about the influence of uncertain factors on the power flow state to calculate uncertain power flow. In this paper, the uncertain power flow problem considering wind power and photovoltaic power generation is studied. The interval distribution models of wind power and photovoltaic power generation are established by expressing the natural factors such as wind speed and light intensity as interval variables, and an uncertain power flow model of hybrid stochastic and interval variables is established by expressing the node load as the stochastic variable to obey the Gaussian distribution. A double-layer Monte Carlo method is proposed to solve it. The numerical results obtained by the IEEE-30 bus system show that the proposed model and method are effective, by which the maximum and minimum cumulative probability functions of the power flow state can be obtained, thus determining whether the probabilistic interval of the power flow state is out-of-limit (maximum probability and minimum probability).
I. INTRODUCTION
Power flow calculation is the basis of power system steady state analysis. In recent years, the proportion of wind power, solar power and other renewable energy power generation in power generation side has been increasing year by year, by which the primary energy structure of the power generation side has been optimized. However, this has also brought the more uncertainties to the power system. Uncertain power flow calculation is an important means to analyze the influence of these uncertain factors on the power system steady state operation.
Up to now, three kinds of uncertain power flow have been proposed: probabilistic power flow [1] - [8] , fuzzy power flow [9] - [12] and interval power flow [13] - [18] . The theoretical basis of the probabilistic power flow is the classical probability theory, the earliest model of which was proposed by Borkowaka in 1974. The input uncertain variables in power
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system are modeled as the stochastic variables following a certain probability distribution by the probabilistic power flow, and a more comprehensive stochastic information of the power flow state is obtained by the probability analysis method (such as probability distribution and probability characteristics). The fuzzy power flow is modeled by fuzzy set theory, of which the input uncertain variables are expressed as the possibility distribution (membership function curve), and the possibility distribution of the power flow state is obtained. The interval power flow is modeled by interval mathematics, of which all the uncertain variables are constructed as interval values to obtain the boundaries information (maximum value and minimum value) of the power flow.
By comparison, the information of the probabilistic power flow is more complete, therefore the probability distribution of unknown variables can be obtained to determine the value of unknown variables or the out-of-limit probability. In the pass decades, different improved models and solutions have been proposed by researchers. However, it is difficult to obtain the accurate input probability distribution due to the difference of historical data and fitting method, which makes the model of probabilistic power flow difficult to construct accurately. The possibility distribution of unknown variables can be obtained by fuzzy power flow, which is not easy to be applied directly to engineering practice, and the fuzzy power flow is difficult to be modeled, therefore the application of which is limited. The interval power flow only needs to determine the upper and lower boundaries of the input uncertainties, the modeling of which is the easiest, and the results obtained are the most intuitive. However, when the uncertainties are construct as interval variables by the interval power flow, the other information of the input uncertainties has been ignored, consequently, the results are more conservative, which leads to a certain data waste.
For the moment, probabilistic power flow and interval power flow has found the most widespread application. But, since there is a big difference in the uncertainties type of actual system and the amount of history information, it is unreasonable to model all uncertainties as stochastic variables or interval variables. The probabilistic power flow or interval power flow model established must be aggressive or conservative.
Concerning these issues, an uncertain power flow model and method for hybrid stochastic and interval variables with wind power and photovoltaic power considered is proposed. Firstly, the interval models of wind power and photovoltaic power generation are established by expressing the natural factors such as wind speed and light intensity as interval variables and the node load power as stochastic variables that follow the Gaussian distribution. Secondly, the uncertain power flow model of mixed stochastic variables and interval variables is constructed by introducing the uncertainties such as wind speed, light intensity and node load into the power flow equations. Finally, a double-layer Monte Carlo method proposed in this paper is utilized to solve it. The numerical results obtained by IEEE-30 bus system show that the maximum cumulative probability function and the minimum cumulative probability function of power flow can be obtained, and the probability interval (maximum probability and minimum probability) of power flow sate off-limits can be determined by the proposed uncertain power flow calculation, so that the researchers can master the stochastic law of the power system state.
The paper is organized as follows: The power flow model with hybrid stochastic and interval variables considering wind power, photovoltaic power and node load is established in the second section. The double-layer Monte Carlo method proposed are used to solve the model equations in the third section. The numerical results obtained by IEEE-30 bus system are demonstrated in the fourth section, in which the uncertain power flow and the probabilistic power flow are also compared. The conclusions are drawn in the fifth section.
II. THE POWER FLOW MODEL OF HYBRID STOCHASTIC AND INTERVAL VARIABLES A. THE INTERVAL MODEL OF WIND POWER GENERATION
The output power of the wind power generation is determined by the wind speed, which is uncertain due to the fluctuation of the wind speed. The actual wind speed of each wind farm can be expressed as an interval variable v ± = [v − , v + ], of which v + and v − are the boundaries of v ± . The actual wind speed is the amount of uncertainty between v + and v − . The relationship between the output power of wind turbines and wind speed can be described as follows [19] :
at the same time, each turbine of the wind farm running at constant power factor is considered, excluding the ability of the wind turbine to actively adjust the reactive power, the active power and reactive power of wind farm can be determined as follows:
where, v in and v out are respectively the cut-in wind speed and cut-out wind speed; v r is rated wind speed; P r is the rated output power of the turbine. These parameters are usually determined by the mechanical and electrical properties of the wind turbines;
can be defined as constants; v ± and P Wg are the actual wind speed and the actual active power of the wind turbines; N W is the number of wind turbines of the wind farms, ϕ W is the power factor angle of the wind turbines.
B. THE INTERVAL MODEL OF PHOTOVOLTAIC POWER GENERATION
The solar cell array is the core of the photoelectric conversion in photovoltaic power generation system, the output power of which is approximately equal to the output power of the cell array. The uncertainty of the solar radiation intensity also makes the output power of the photovoltaic power generation system have a strong uncertainty. The solar radiation intensity in the area of any photovoltaic power station can be described as the interval variable 
, of which r + and r − are the boundaries of r ± , that is, the solar radiation intensity of the area is between r + and r − . According to the relationship between photovoltaic power generation system and solar radiation intensity [8] , we have:
meanwhile, the power factor of the photovoltaic power generation system is supposed to be constant, and the active and reactive output power of the photovoltaic power station are:
where, r is the solar radiation intensity, A is the total area of the solar cell array, η is the total photoelectric conversion efficiency; P + S and P − S are the boundaries of P ± S , Q ± S is the reactive power absorbed and issued by photovoltaic power, and ϕ S is the power factor angle of photovoltaic power generation.
C. THE PROBABILISTIC MODEL OF THE NODE LOAD
The node loads are considered as the known quantity in the traditional determined power flow model. However, because there exist many errors in actual measurement, transmission, communication and other aspects, which make the powers of the node loads not be certain quantities, but uncertain quantities fluctuating around the mean. Therefore, the load active power of any node P D is defined as the random variable. It is assumed that it obeys the Gaussian distribution with mean value µ PD and standard deviation σ PD , then the probability density function of load active power P D can be expressed as
And it is also assumed that the power factor of the node load is constant, then the reactive power is:
where, ϕ D is the power factor angle of the node load. 
D. THE UNCERTAIN POWER FLOW MODEL
Introduction of the wind power generation, photovoltaic generation and node load model of (1)- (6) into the power flow equations yield--s the power flow model of hybrid stochastic and interval variables:
where, S PV is the set of PV node, S B is the set of all the nodes; P Di and Q Di are respectively the active and reactive power of the node load, P Gi is the active power injection for conventional generator, Q Ri is the reactive power injection for PV node,Q Ri and Q Ri are the boundaries of Q Ri ; V i and δ i are respectively the voltage amplitude and phase angle of node i, δ slack is the phase angle of balance node, V PVi is the voltage amplitude of PV node, V i is the variation of voltage amplitude for tracking PV node; Y ij and α ij are respectively the node admittance matrix elements and phase angle for corresponding elements,
In this paper, the complementary relationship between the constraints is represented by the symbol ⊥, then the conversion logic of the PV/PQ node type in the power flow calculation can be realized by the complementary constraint Q Ri ≤ Q Ri ≤ Q Ri ⊥ V i . When the output reactive power of the conventional generator reaches the upper limit Q Ri or lower limit Q Ri , the machine terminal voltage will change, the change amount of which is V i ; when the output reactive power of generator does not reach the limit, the terminal voltage will be maintained at V PVi by automatic voltage control.
In essence, the uncertain power flow calculation with stochastic variables and interval variables is an uncertain analysis problem, and the purpose for the solution is to obtain the uncertainty information of the unknowns based on the information of the input uncertainties. Equation (7) can be simplified as:
where, X and Y are the input uncertainties, X is the random variable, Y is the interval variable, and Z is the unknown output uncertainty. For the uncertain flow problem mentioned in this paper, the input uncertainty X is the probability distributions of the node load and so on, and Y is the interval boundaries of wind speed, light intensity, that is
the output uncertainty Z includes the node voltage amplitude and phase angle, the injection power, branch power and other variables of the balance node, that is
because the input uncertainties contain stochastic variables and interval variables, the probability distribution or the interval boundaries of the output uncertainties are not required, except the maximum probability distribution and the minimum probability distribution of the output uncertainties.
III. SOLUTION METHOD A. SOLUTION IDEA
The uncertain power flow model of (8) contains both stochastic variables X = (x 1 , x 2 , · · · , x n ) T and interval variables Y = (y 1 , y 2 , · · · , y m ) T , of which n and m are the dimensions of random variables and interval variables respectively. It is difficult to directly solve it by the existing method. In this paper, a double-layer Monte Carlo sampling method [20] is used to solve this problem, and the realization of the idea is shown in Fig. 4 .
The solving steps of the double-layer Monte Carlo sampling: firstly, the outer Monte Carlo method is used to sample the stochastic variable X , and the original hybrid stochastic and interval power flow problem is transformed into several interval flow problems. Then, the inner Monte Carlo method is used to sample the interval variable Y of the interval flow model, and the interval flow problem is transformed into the determinate power flow problem. By applying Newton method, the interval boundaries of the unknowns for the power flow equations can be obtained. Finally, the upper and lower boundaries of the interval are measured, and the minimum probability distribution and the maximum probability distribution are calculated.
B. SOLVING STEPS
According to Fig. 4 , the concrete steps for the double-layer Monte Carlo method to solve the power flow problem of hybrid stochastic and interval variables are stated as follows:
Step 1: The outer Monte Carlo method is used to sample the stochastic variable X , thus obtaining N sampling points X i ; i = 1, 2, · · · , N . Then substituting each sampling value 
Step 2: The inner Monte Carlo method is used to sample the interval variable Y of (12), thus gaining M sampling points Y j ; j = 1, 2, · · · , M . Each sampling value's substituting into (12) yields the power flow problem only containing deterministic variables.
Thus, the original hybrid stochastic and interval variables power flow problem can be transformed into N × M certain power flow problem.
Step 3: Newton method is employed to solve (13) directly, obtaining the sample value Z ij ; i = 1, 2, · · · , N ; j = 1, 2, · · · , M of N × M unknown variables.
Step 4 Step 5: The minimum probability distribution of the unknown variables can be composed by their upper boundary 
Z U
i , i = 1, 2, · · · , N ,and the maximum probability distribution of the unknown variables can be composed by their lower boundary
IV. ANALYSIS OF CALCULATION RESULTS

A. EXAMPLES AND CALCULATION CONDITIONS
The effectiveness and feasibility of the proposed model and method are verified by programming on the Matlab R2015b platform. The CPU clock speed of computer platform is 3.2GHz ×4, and the memory of which is 8GB. In Table 1 are given the parameters of four wind farms, and the nodes which access to IEEE-30 bus system are No.7,8,12,18. In Table 2 are the main parameters of three photovoltaic power plants respectively, and the nodes which access to IEEE-30 bus system are No.23,24,29. The active power of each node obeys the Gaussian distribution with the active power of the basic load as the mean value, and the standard deviation as the 5% of the mean value.
B. CALCULATION OF HYBRID STOCHASTIC AND INTERVAL POWER FLOW
In this paper, the double-layer Monte Carlo method proposed is used to solve the uncertain power flow problem. As a stochastic simulation technique, the more the MC sampling times, the more accurate the calculation results will be. In other words, the larger the number of the outer sampling point N and inner sampling point M , the more accurate the results will be. Fig. 5 shows the changes of the mean value and standard deviation of the maximum probability distribution obtained by IEEE-30 system with the increasing number of the inner and outer MC sampling times. When the number of the outer MC sampling is more than 2000 times, and inner sampling is more than 1500 times, the unknown mean value and the standard deviation have basically tended to be stable. Therefore, in order to balance the quality and efficiency of the solution, the outer MC sampling frequency is chosen as 2000, and the inner MC sampling frequency as 1500. Fig. 7 shows the maximum cumulative probability distribution and the minimum cumulative probability distribution of the voltage amplitude of node 3 for IEEE-30 bus system using the uncertain power flow method. Fig. 8 shows the maximum and minimum cumulative probability distributions of the active power for the branches 10-20. The maximum probability of the variables is determined by the maximum cumulative probability distribution, and the minimum probability of the variables by the minimum probability distribution.
In Table 3 is listed the probability interval (maximum probability and minimum probability) of the different variables obtained by Fig.7 and Fig.8 . According to Fig.7 , the probability interval with the voltage amplitude less than 1.040 p.u. for node 3 is [0.02, 0.96]. The physical interpretation is that the maximum probability with the voltage amplitude less than 1.040 p.u. for node 3 is 0.96, and the minimum probability is 0.02. According to Fig.8 , the probability interval with the active power less than 2.5MW for the branches 10-20 is [0, 0.56], that is, the maximum probability is 0.56, and the minimum probability is 0.
It can be seen from Fig.7 and Fig.8 that the maximum probability of the variable is on the left side of the minimum probability, therefore the mean value of the maximum probability distribution is less than that of the minimum probability distribution. And the cumulative curve of the maximum and minimum probability distributions is basically the same, which shows that the standard deviation of the two is not much difference. In Table 4 are listed the mean value and standard deviation of the maximum probability distribution and the minimum probability distribution for the random part of IEEE-30 bus system. In Fig.9 are compared the mean values of the maximum and minimum probability distributions for each node in this system. Fig.10 shows the comparison of the standard deviation. In Fig.11 is given the comparison of the mean values of maximum probability distribution and minimum probability distribution for each branch in this system. Fig.12 shows the comparison of the standard deviations. According to Table 4 and Fig.9 to Fig.12 , the mean value of the maximum probability distribution is less than that of the minimum probability distribution for the unknown variables. and the standard deviation of the two is close to each other, which is consistent with the results shown in Fig.7-Fig.8 .
C. COMPARISON OF THE RESULTS WITH THOSE OF PROBABILITY POWER FLOW
In this paper, both the stochastic variables and the interval variables are contained in the uncertain power flow model (7), and the results obtained are the maximum probability distribution and the minimum probability distribution of the unknown variables of the power flow equations. There are interval variables in the model, and the stochastic information of the interval variables is incomplete, therefore the result is not the probability distribution of the unknown variables, but their possible interval of the probability distribution, that is, the area between the maximum cumulative probability distribution and the minimum probability distribution.
In order to compare the uncertain power flow with the traditional power flow contained only stochastic variables, the interval variables are replaced with stochastic variables in (7), and the probability power flow model is established. The wind speed is expressed as the stochastic variables that follow the Weibull distribution, and the solar energy intensity is expressed as the stochastic variables subject to β distribution, and the probability flow model PPF-1 is established. Both the wind speed and the solar intensity are expressed as stochastic variables that obey the Gaussian distribution, and the probability flow model PPF-2 is established. Fig.13 shows the comparison of MaxCPD, MinCPD and CPD of active power for the branches 10-20. In which, CPD-1 is the cumulative probability distribution obtained by the probability flow model PPF-1, and CPD-2 is the cumulative probability distribution obtained by the probability flow model PPF-2. MaxCPD and MinCPD are respectively the maximum and minimum cumulative probability distribution obtained by the uncertain power flow of the hybrid stochastic and interval variables.
Obviously, the CPD of the unknown variables obtained by the two probabilities power flow are in the area between MaxCPD and MinCPD. According to CPD-1 and CPD-2, the probabilities with the active power less than 2.5 MW are respectively 0.04 and 0.13, which are in the interval [0,0.56] of Table 3 .
Meanwhile, it is expected that the actual probability distribution of the wind speed and the solar light intensity is arbitrary distribution, and both the CPDs of the unknown variables obtained by the actual power flow are contained in the area between MaxCPD and MinCPD.
V. CONCLUSION
In this paper, the uncertain power flow model and method for hybrid stochastic and interval variables with wind power and photovoltaic power is proposed, and a double-layer Monte Carlo method is proposed to solve it. The numerical results obtained by IEEE-30 bus system show that:
(1) The interval variables or stochastic variables can be modeled according to the characteristics of different uncertain variables types by the proposed model, which is of more flexibility and more tally with the actual situation.
(2) The maximum and minimum cumulative probability distributions of the power flow can be obtained by the proposed model, and the limit probability interval (maximum probability and minimum probability) of the power flow can be determined, therefore, the researchers can master the stochastic law of the power system state quantity.
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